INTRODUCTION {#h0.0}
============

Enzyme catalysts generally display higher rates and specificity than conventional industrial catalysts do, but purified enzymes are often too fragile and/or expensive for many applications, necessitating creative methods for using whole-cell catalysts expressing the enzyme of interest ([@B1]). The use of whole bacterial cells and cells encapsulated in solid matrices can protect cytoplasmic enzymes against harsh conditions and greatly lower production costs. However, the cell membrane and encapsulating matrix can also significantly lower catalytic rates by limiting the diffusion of a substrate(s) to the enzyme inside the cell, and low-molecular-weight inhibitors may still permeate the cell and inactivate enzymes ([@B1], [@B2]).

One application in which purified enzymes would be prohibitively expensive and prone to inactivation is for the catalytic removal of cyanuric acid (CYA) from pools, spas, and fountains that use chloroisocyanuric acids for disinfection ([@B3], [@B4]). The chlorinated cyanuric acids deliver hypochlorite, which dismutates over time, requiring repeated additions of chlorinated cyanuric acids ([@B4]). CYA builds up after multiple additions because, unlike the hypochlorite, it is very stable chemically and does not degrade in the absence of enzymes. Studies dating back to the 1960s have demonstrated that high concentrations of CYA in pools significantly reduce disinfection efficacy, and thus, viruses, bacteria, and protozoa that may enter the water will not be inactivated ([@B5][@B6][@B7]). Therefore, it is essential to remove CYA when the concentration rises above 1 mM (\~100 ppm). To date, the remedy for high CYA concentrations has been to drain and refill the pools, which is inefficient in terms of pool management and significantly increases freshwater usage.

A solution to this problem has recently been conceived and focuses on using a microbial enzyme, cyanuric acid hydrolase (CAH), to hydrolytically degrade CYA at near neutral pH and ambient pool temperatures ([@B8][@B9][@B11]). CAH enzymes do not require cofactors, only water is required as a cosubstrate, and the reaction they catalyze goes to completion at equilibrium. CAHs are uniquely microbial enzymes found in divergent bacterial phyla, and numerous homologs have been shown to express in recombinant hosts to yield soluble, highly active proteins ([@B9]). Nevertheless, adding purified CAH directly to pools would likely prove too costly and impractical, whereas an immobilized whole-cell treatment system could find efficient application.

However, the use of a whole-cell CAH biocatalyst for this application does have two major drawbacks: one is the decreased rates expected by imposing a membrane barrier between CYA in the water and the CAH enzyme in the cytoplasm of the cell. The second problem likely to be encountered is the sensitivity of cells, and enzymes within the cells, to oxidation by hypochlorite, which is known to cause widespread inactivation of enzymes ([@B12][@B13][@B16]). In addition, encapsulation of cells in a matrix can impose additional diffusion barriers for CYA to reach the CAH enzyme. Therefore, for practical usage, an immobilization system should allow facile diffusion of substrate through the matrix, facilitate diffusion across the cell membranes, and protect against hypochlorite inactivation. This study aimed to develop a whole-cell encapsulation system to address all of these issues.

Whole-cell encapsulation in solid mesoporous matrices has been extensively studied and used to provide physical/mechanical protection for applications in biocatalysis and biodegradation ([@B17][@B18][@B19]). Whole-cell encapsulation, for example, in silica matrices, protects bacteria from environmental factors, predation, and accidental release and can increase long-term stability of enzyme activities ([@B20][@B21][@B24]). Moreover, the biosilica material can be fabricated into different sizes and shapes or applied as a coating to meet different functional needs. Furthermore, if the desired reactions are hydrolytic, the enzyme(s) can function independently of other cellular machinery and the cell can be nonviable. However, whole cells encapsulated in silica typically show a reduction in biotransformation rates compared to nonencapsulated systems due to diffusion limitations through the silica gel matrix, and transfer rates through cell membranes to the cytoplasmic enzyme further diminish reaction rates compared to the use of purified enzymes ([@B2], [@B22], [@B24]).

In a recent study by Yeom et al., three different bacterial CAH enzymes were expressed in *Escherichia coli*, encapsulated in a tetraethoxysiloxane (TEOS) silica gel, and compared with respect to activity and storage stability ([@B25]). CAH from *Moorella thermoacetica* ATCC 39073 was found to be the optimum *in vivo* enzyme for practical purposes, and molded TEOS microspherical beads containing *M. thermoacetica* were tested in a laboratory-scale, flowthrough water filtration system. Although the system completely degraded CYA in a reservoir containing 10 mM CYA, kinetic analysis indicated that the system showed significant diffusional limitations. Moreover, when tested with swimming pool water, the CAH enzyme activity decreased as a function of increasing hypochlorite concentrations ([@B25]).

The present study demonstrated a solution to both diffusion limitation and hypochlorite inactivation by engineering a permeabilizing and protective encapsulation system. To accomplish this, 3-aminopropyltriethoxysilane (APTES), which is widely used as an adhesion promoter, coupling agent, and resin additive, was selected here as a precursor for the silica gel encapsulation matrix. The hypothesis was that by using a matrix containing sacrificial amine groups that can react with the strong oxidant hypochlorite, enzyme oxidation and inactivation would be delayed. Additionally, amine groups can interact with and permeabilize the cell membranes of Gram-negative bacteria such as *E. coli* ([@B26][@B27][@B28]), which in turn may enhance substrate transport to the enzyme. In total, these new methods provided a protective, reactive silica material that also allowed for facile substrate diffusion to the CAH enzyme inside the cell.

RESULTS AND DISCUSSION {#h1}
======================

In the current study, the cyanuric acid hydrolase (CAH) from *Moorella thermoacetica* was shown to efficiently degrade cyanuric acid in the presence of hypochlorite. To accomplish this, two major problems had to be overcome: (i) diffusion limitations brought on by encapsulating whole cells and (ii) sustaining CAH activity in the presence of disinfectant levels of hypochlorite. The two problems were examined separately, first diffusion and then hypochlorite resistance, and then combined and tested in experiments that simulated a disinfected water application.

Diffusion limitations. {#s1.1}
----------------------

Initially, the effects of diffusion on CAH degradation were assessed by measuring the rate of enzymatic activity with comparable levels of CAH enzyme contained within TEOS-encapsulated cells, free cells in solution, and soluble CAH enzyme ([Fig. 1](#fig1){ref-type="fig"}). To make the data directly comparable, each sample contained 0.025 g of cells or the amount of enzyme contained within 0.025 g of cells.

![Comparison of cyanuric acid (CYA) degradation rates by cyanuric acid hydrolase (CAH) from *Moorella thermoacetica* expressed in *E. coli* and tested as cell extract, whole-cell, and encapsulated cell forms. The three treatments are 0.025 g of *E. coli* expressing CAH or the equivalent amount of cell-free CAH in the following: TEOS gel (black circles), freely suspended cells (white squares), or lysed cells (gray squares). The means ± standard deviations (error bars) of three replicate experiments were calculated, but the standard deviations are smaller than the symbols for most measurements and thus are not visible.](mbo0051525380001){#fig1}

The free, soluble enzyme was significantly faster than whole cells and TEOS-encapsulated cells ([Fig. 1](#fig1){ref-type="fig"}). The initial drop of CYA represents a rate of 1 to 2 orders of magnitude faster than free cells or TEOS-encapsulated cells, and thereafter, the rate falloff is likely due to the enzyme being only partly substrate saturated. The *K~m~* value for the purified *M. thermoacetica* CAH was previously determined to be 110 µM ([@B8]). In contrast, there was a much more modest rate difference between the suspended and gel-encapsulated cells, with the free cells showing an approximately 1.4-fold-higher rate. The significant disparity in rate between free enzyme and either free cells or encapsulated cells suggested that the cell membrane is the major diffusional barrier for the substrate to reach the soluble CAH enzyme.

To overcome the diffusional barrier imposed by the cell membrane, a permeabilizing silica gel was developed. Previous studies have shown that appropriately positioned alkylamine functional groups disrupt Gram-negative cellular membranes, cause leakage of cytoplasmic materials, and render the bacteria nonviable ([@B26][@B27][@B28]). Since cyanuric acid-degrading enzymes use only water as a cosubstrate, cells expressing CAH can be nonviable and still show CYA degradation activity for weeks ([@B25]). In this context, a silica gel precursor with an amine functional group, 3-aminopropyltriethoxysilane (APTES), was chosen as the cross-linker for the silica gel matrix. Two treatments were applied to the cells to evaluate different levels of encapsulation in terms of diffusion and protection against hypochlorite inactivation. [Figure 2A](#fig2){ref-type="fig"} shows one approach in which APTES and silica nanoparticles (SNPs) were mixed to make a solid, continuous three-dimensional silica gel with the cells embedded within the gel. [Figure 2B](#fig2){ref-type="fig"} shows another process in which free cells were coated by particles formed by polymerization of hydrolyzed APTES that did not create a continuous gel but had a flake-like macrostructure. This was caused by cell clumping with a coated mesh-like appearance. The mesh would be expected to have a lower diffusional barrier than the gel, and it was expected that the amine groups on the APTES would render the membrane more porous.

![Scanning electron micrographs at two levels of magnification showing encapsulated *E*. *coli* cells in APTES gels with SNPs (APTES gel) (A) and *E*. *coli* cells coated by APTES (APTES-coated cells) (B). The scale bars of the top images are 2 µm, and the scale bars of the bottom images are 20 µm. Each white circle highlights a single cell to give another perspective of the size differences between the top and bottom images.](mbo0051525380002){#fig2}

The results of CYA degradation assays clearly demonstrated greatly enhanced activity of APTES-coated cells in comparison to APTES gels, with an approximately 7-fold-higher CYA degradation rate ([Fig. 3](#fig3){ref-type="fig"}). In fact, the rates were \~70% of the rate of a comparable level of free enzyme. Interpreting this in light of [Fig. 1](#fig1){ref-type="fig"}, these data suggested that the APTES coating was causing a significant enhancement in the diffusion of CYA through the bacterial membranes and into the cytoplasm of the cell where the CAH enzyme resides. Further evidence that the amine groups of APTES make membranes porous is derived from the observation that degradation of CYA by APTES gels was faster than that of free cells in solution or TEOS gels, consistent with the idea that APTES enhances substrate diffusion into the cytoplasmic CAH enzyme.

![Comparison of cyanuric acid hydrolysis rates of free CAH enzyme, suspended *E. coli* (CAH) cells, TEOS gel, APTES gel, and APTES-coated cells. The different experimental treatments had comparable amounts of cells or cell material as described in Materials and Methods.](mbo0051525380003){#fig3}

To assess whether APTES enhances reaction rates due to its increasing membrane permeability, the TEOS and APTES gels were compared with respect to movement of cellular material out of the cell and entry of fluorescent dyes into the cell. To determine leakage out of the cells, the gel plugs were gently shaken with 3 ml of phosphate-buffered saline (PBS), and an increase in absorbance at 280 nm was monitored as described in Materials and Methods. To monitor for a possible leakage of proteins, the PBS solution was loaded onto an SDS-polyacrylamide gel and stained as described in Materials and Methods. Previously, it had been shown that encapsulation of *E. coli* cells in TEOS gel causes some membrane disruption ([@B30]), consistent with the increase in absorbance at 280 nm observed here ([Fig. 4A](#fig4){ref-type="fig"}). However, leakage of absorbing material out of the cells was significantly greater for the APTES gels ([Fig. 4A](#fig4){ref-type="fig"}; see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material).

![Experiments showing leakiness of APTES-treated cells compared to similar treatments with TEOS. The treatments are shown in the three panels as follows. (A) Measurement of cell material leaking out of the cell via absorbance at 280 nm with TEOS and APTES gel plugs shaken for 1 h in phosphate-buffered saline solution. (B) Measurement of relative fluorescence intensity (in arbitrary units) of cells treated with propidium iodide after agitation with TEOS or APTES. (C) Scanning electron microscopy images of *E. coli* cells after reacting with TEOS and APTES as described in Materials and Methods. Bars, 1 µm.](mbo0051525380004){#fig4}

The results of the experiments with SDS gels suggested that only a small amount of CAH was present outside the cells, and therefore, most of the increase in absorbance at 280 nm can be attributed to the leakage of low-molecular-weight molecules (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). This conclusion was supported by an experiment testing for enzyme activity leakage from the gels. An APTES gel containing *E. coli* cells expressing CAH was stored in buffer solution for a month. The buffer and gel plug were transferred to a fresh solution and assayed periodically. The CAH enzyme activity remained uniform with the gel, suggesting little or no leakage of the enzyme ([Fig. S2](#figS2){ref-type="supplementary-material"}).

Next, diffusion into the cells was determined with the probe propidium iodide (PI) (MW of 668), which is known to diffuse significantly only into membrane-disrupted cells, where it becomes intensely fluorescent by intercalating between DNA bases ([@B31], [@B32]). The cells were reacted for 10 min with TEOS or APTES and then centrifuged and washed prior to the addition of PI. The cells coated with APTES showed a nearly 10-fold-greater fluorescence intensity compared to cells coated with TEOS ([Fig. 4B](#fig4){ref-type="fig"}). Scanning electron microscopy (SEM) images of the cells mixed with TEOS or APTES also indicated that the cell membranes with APTES treatment were significantly misshapen ([Fig. 4C](#fig4){ref-type="fig"}). In addition to PI, we experimented with significantly larger molecules, fluorescently labeled dextrans with molecular weights (MWs) of 3,000 to 4,000  ([@B33], [@B34]). These larger molecules showed no evidence of diffusion into cells reacted with APTES or TEOS (data not shown), suggesting that the damaged membrane could mostly keep larger molecules from diffusing in. In total, the data suggested that both APTES-coated cells and APTES gels allow significant passage of small organic molecules in and out while largely or completely retaining molecules the size of enzymes within the cells and silica.

Hypochlorite inactivation of enzyme, free cells, and TEOS and APTES gels. {#s1.2}
-------------------------------------------------------------------------

The second major issue hindering the development of a robust biocatalytic system for CYA removal from swimming pool water is the sensitivity of the CAH enzyme to hypochlorite as shown in a previous study ([@B25]). In the experiments detailed below, relatively high levels of hypochlorite were used to accelerate oxidation processes and robustly challenge protection methods.

[Figure 5](#fig5){ref-type="fig"} shows two studies investigating the detrimental effect of hypochlorite on CAH in which: (i) the enzyme is completely exposed to hypochlorite *in vitro* ([Fig. 5A](#fig5){ref-type="fig"}) and (ii) the enzyme is completely exposed to hypochlorite *in vivo* in free cells and cells encapsulated in silica gels ([Fig. 5B](#fig5){ref-type="fig"}). [Figure 5A](#fig5){ref-type="fig"} shows purified CAH enzyme in the absence of a cell or other materials that can react with hypochlorite to fully manifest the effects of hypochlorite. The CAH enzyme was rapidly inactivated, losing virtually all activity in less than 5 min at the highest concentration tested (744 ppm), and most of its activity was lost in less than an hour at a hypochlorite concentration of 74 ppm. Since these concentrations are much higher than typically found in pools, the purified enzyme was tested with 3 ppm, a typical disinfection concentration, and the enzyme activity was completely lost within 3 h, suggesting that the addition of purified CAH enzyme would be a poor option for treating chlorinated swimming pools (data not shown).

![Detrimental effect of hypochlorite on the activity of CAH from *M. thermoacetica* with purified enzyme, free *E. coli* (CAH) cells, and *E. coli* (CAH) in TEOS and APTES gels. (A) Decrease in purified CAH enzymatic activity (as a percentage) following preincubation with 74.4 ppm hypochlorite (black triangles) and 744 ppm hypochlorite (white circles) at the times indicated prior to assay. (B) Decrease in activity (as a percentage) *in vivo* of 0.025 g *E. coli* (CAH) plotted versus the hypochlorite concentration (bottom *x* axis) or the mass ratio of hypochlorite to cells (wet weight) (top *x* axis). The three treatments are free cells (white squares), TEOS gel (black circles), and APTES gel (gray triangles). The activity was measured following a 1-h incubation with hypochlorite and 140 ppm CYA.](mbo0051525380005){#fig5}

In the experiments shown in [Fig. 5B](#fig5){ref-type="fig"}, a comparison of the hypochlorite effect on whole cells and TEOS and APTES gels is shown. In a water treatment application, a critical component is the total amount of hypochlorite in relation to the total amount of reactive sites on the cell and the encapsulating matrix. We examined percent activity remaining after 1 h with only 2 mg of cells, which translates to only 0.03 mg of CAH enzyme. However, the whole cell offers thousands of proteins, DNA, and membrane components as targets for oxidation that compete with CAH for reactivity with hypochlorite, and thus, it provides some protection of CAH activity. This also means that more cells give more protection for a given amount of hypochlorite and that the ratio of hypochlorite to cell mass is important (top *x* axis).

Whole cells retained activity at relatively high hypochlorite concentrations and also showed significant resistance compared to cells encapsulated in TEOS gels. Previous studies showed that TEOS gels perturb *E. coli* membranes to some degree and that the membrane disruption allows greater diffusivity of external chemicals to reach cytoplasmic enzymes inside the cells ([@B30]). The present results suggested that hypochlorite can access the CAH enzyme more readily. Since we do not expect the TEOS-silica gel to react with hypochlorite, it does not offer protection, and so its effects are only detrimental. In contrast, the APTES-silica gel is protective. The cells in APTES gels are even slightly more resistant to hypochlorite than whole cells and retained some activity at 1,000 ppm hypochlorite (at a ClO^−^/cell \[wet weight\] ratio of 0.5). This is not due to poorer diffusion into the cell because the earlier studies showed higher diffusivity into and out of cells and a higher *in vivo* CAH activity for cells treated with APTES. Since diffusivity is enhanced by APTES, yet the internal CAH enzyme is less vulnerable to hypochlorite, it was suggested that APTES itself protects against the detrimental effects of hypochlorite and that was investigated next by directly examining the expected reaction of the APTES amine groups with hypochlorite.

APTES reactions with hypochlorite. {#s1.3}
----------------------------------

Based on known reactions between hypochlorite and alkylamines ([@B35]), it was hypothesized that each amine group on an APTES monomeric unit would react with two hypochlorite molecules and thus remove two reactive, oxidizing species from solution. APTES was polymerized into gels without bacteria and reacted with hypochlorite, and analytical measurements were done after adding hypochlorite up to a 3:1 molar ratio of hypochlorite to amine groups. The gel materials were analyzed by three different methods: pH determination ([Fig. 6A](#fig6){ref-type="fig"}), Fourier transform infrared spectroscopy (FTIR) ([Fig. 6B](#fig6){ref-type="fig"}), and zeta potential measurements (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material).

![Reaction of the amino group on the APTES gels (without cells) with hypochlorite demonstrated by pH changes and amine oxidation by hypochlorite to a nitrile functionality. (A) pH measurements of APTES gel treated with hypochlorite (ClO^−^) as a function of the ClO^−^/amine stoichiometry. Known chemical reactions of ClO^−^ with amines are shown above the curve and indicate expected reactions with 1.0, 2.0, and 3.0 equivalents of ClO^−^. (B) Fourier transform infrared spectroscopic (FTIR) analysis of APTES gels treated with ClO^−^ and excess NaOH (1 M) to promote nitrile formation at a stoichiometric ratio of hypochlorite to amine content of 0:1 (a), 0.5:1 (b), and 3:1 (c) in the gel. Absorbance is shown in arbitrary units (a.u.).](mbo0051525380006){#fig6}

Amine oxidation reactions with hypochlorite are known to occur in two steps that each cause the displacement of a proton from the amine with the release of a proton, causing the lowering of the pH at each step ([@B15], [@B36]). At a 2:1 ratio of hypochlorite to amine groups, the pH is expected to be at its lowest point. The further addition of hypochlorite anion with a pK~a~ of 7.5 ([@B36]) to a solution at pH 5 ([Fig. 6A](#fig6){ref-type="fig"}) will cause essentially all excess hypochlorite anions to be protonated, effectively raising the pH again, and this was observed. Note that an exact pH titration cannot be made with these water-suspended gels because the hydroxyl-rich silica gel has a strong buffering capacity, and we cannot determine precisely how many free silica hydroxyl groups remain during the gelling process. Nevertheless, the pH trends clearly demonstrate that hypochlorite is reacting rapidly with APTES gels under the same conditions that the biological experiments were conducted.

Zeta potential experiments were consistent with the pH measurements and also illustrated the buffering capacity of the gel (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). APTES gel particles at pH 7.7 carry a negative zeta potential (−33 mV) due to the abundant hydroxyl groups. The addition of hypochlorite equivalent to one and then two times the molar equivalent of amine groups in the gel caused an increase in the zeta potential to −4.8 mV and +7.2 mV (±7), respectively. The protons released react with the negatively charged hydroxyl group on the gel and screen the negative charge of the particles. At hypochlorite concentrations three times the molar amine content, the zeta potential values are negative again (−38 mV) due to the excess of the negatively charged hypochlorite anion.

The pH and zeta potential measurements are consistent with the direct removal of reactive chlorine from solution by generating APTES chloramines, and FTIR experiments were conducted to observe these reactions. The sharpest and most distinct IR band that could be observed is a nitrile functionality and this can be generated from *N*,*N*-dichloroamines via a facile base-catalyzed dielimination, and that was done with NaOH to observe the nitrile band ([Fig. 6B](#fig6){ref-type="fig"}). Further details are described below. Amine groups have a distinct stretching band at 3,340 cm^−1^ and several bands between 1,610 and 1,460 cm^−1^ ([@B37][@B38][@B39]), but the broad Si-O (OH) bands at 3,500 cm^−1^ and 1,630 cm^−1^ ([@B37], [@B40]) largely mask the amines. Dichloroamines are inherently unstable and thus are not ideal to observe by FTIR, but their treatment with NaOH is known to convert them to nitriles ([@B38]). The aliphatic nitrile band (2,240 to 2,260 cm^−1^) is apparent in a region not overlapping any siloxane vibrations ([@B39], [@B41]), and a distinct band was observed here at 2,250 cm^−1^.

Simulated pool experiments. {#s1.4}
---------------------------

To test the applicability of the APTES-coated cells and the APTES gel, a larger scale experiment was designed to simulate conditions in an outdoor pool. Disinfection diminishes significantly at CYA concentrations at or above 100 ppm; therefore, water containing 100 ppm CYA and at a typical pool pH of 7.6 was remediated with different treatments to test different parameters. Each flask with 4 liters of water was treated with 40 mg (wet weight) of *E. coli* cells, either unencapsulated (free), encapsulated in APTES gel, or coated with APTES. In the first experiments, flasks did not contain hypochlorite. CYA degradation rates varied in the following order: APTES-coated cells \> APTES gel \> free cells ([Fig. 7](#fig7){ref-type="fig"}). This is in agreement with the batch experiments ([Fig. 3](#fig3){ref-type="fig"}) that showed a distinct advantage to the APTES-treated cells (both in the gel form and as coated cells) over the free cells. However, the significant difference in the rate of CYA degradation between APTES-coated cells and APTES gels is not as great as observed in the batch experiments (sevenfold difference). This is due to the application method of macroscale APTES gel plugs ([Fig. 3](#fig3){ref-type="fig"}) versus microparticles of the APTES gel dispersed in the solution ([Fig. 7](#fig7){ref-type="fig"}). The bioactivity of the dispersed gel microparticles is less diffusion limited; therefore, the rate of degradation is greater. Using known numbers for calculating soluble protein for *E. coli* ([@B42]): 70% (wt/wt) of the cell mass is water, 55% (wt/wt \[dry weight\]) of the cell mass are proteins, and of that, about half is soluble protein, the estimated amount of CAH in 40 mg of cells (wet weight) is \~0.6 mg. For the APTES-coated cells that translates to a specific activity of 29 µmol/min per mg of CAH purified enzyme. These numbers are almost double the rate observed with CAH enzyme in the literature of 15.7 µmol/min per mg CAH protein ([@B8]) and similar to what we determined here for purified enzyme of 27 µmol/min per mg of CAH. This supports previous data presented here showing that the use of the APTES precursor disrupts membranes and allows free diffusion of small molecules into the cell and to the cytoplasmic CAH enzyme, comparable to a pure enzyme in solution.

![Simulated pool experiment in 4 liters of water at pH 7.6 measuring the decrease in a starting CYA concentration of \~100 ppm over time with treatment by 40 mg of *E. coli* cells as free cells (white squares), APTES gel (gray triangles), or APTES-coated cells (white circles). The symbols show the averages of triplicate determinations, and the error bars show the standard deviations of triplicate determinations.](mbo0051525380007){#fig7}

Using the simulated pool conditions, protection of CAH activity from hypochlorite by APTES was assessed at 1.0, 3.0, and 10.0 ppm hypochlorite ([Fig. 8](#fig8){ref-type="fig"}). The data show that APTES gels give the best protection against hypochlorite inactivation but still allow significant diffusion to give good performance, showing almost complete degradation of CYA at 1 ppm hypochlorite and \~30% degradation at 10 ppm, a concentration higher than is typically found in pools. With APTES gels, some hypochlorite inactivation is likely occurring, as indicated by the diminution in rate over time. This is made apparent by the steepest curve shown in [Fig. 8](#fig8){ref-type="fig"}, an APTES gel treatment without hypochlorite, which is nearly linear until 80% of the CYA is degraded. This is likely due to the substrate concentration diminishing to near the *K~m~* value for the CAH from *M*. *thermoacetica* that has been reported to be 14 ppm (110 µM) ([@B8]). In contrast, the CAH activity in APTES-coated cells quickly inactivated, and after a small drop in CYA (\~5%), no further degradation was observed (top curve in [Fig. 8](#fig8){ref-type="fig"}). Furthermore, the increase in CYA degradation rate with dispersed microparticles ([Fig. 7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}) compared to the rate observed with gel plugs ([Fig. 3](#fig3){ref-type="fig"}) indicated that the smaller particle size presents less of a diffusional barrier for CYA entry into the gel. This suggested that there is an opportunity to further optimize the APTES formulation to decrease the diffusional barrier into the gel material while still providing sufficient protection from hypochlorite.

![Effect of hypochlorite on cyanuric acid degradation in simulated pool experiment with 4 liters of water at pH 7.6 and containing an initial concentration of CYA of 100 ppm. The percentage of CYA left in solution as a function of time after treatment of 40 mg APTES-coated *E. coli* (CAH) with 1 ppm ClO^−^ (white circles) and encapsulated *E. coli* (CAH) in APTES gel with no ClO^−^ (grey triangles) or with 1 ppm ClO^−^ (white squares), 3 ppm ClO^−^ (black triangles), and 10 ppm ClO^−^ (gray circles).](mbo0051525380008){#fig8}

Mechanistic interpretation. {#s1.5}
---------------------------

The data indicated that the biomaterial developed here has two distinct functionalities: diffusion enhancement ([Fig. 9A](#fig9){ref-type="fig"}) and hypochlorite protection ([Fig. 9B](#fig9){ref-type="fig"}). Analysis of the degradation rates of cells that were directly reacted with the APTES precursor showed rates comparable to those of purified enzyme, strongly suggesting that the membrane is abrogated and consequently permeable to smaller solutes ([Fig. 9A](#fig9){ref-type="fig"}). Despite that, the APTES gel protects and immobilizes the enzyme and as such remains an efficient whole-cell, immobilizing biocatalyst.

![Suggested mechanism of dual functional APTES gels. (A) Illustration of anionic lipids in the cellular membrane interacting electrostatically with the positively charged amine groups, consequently disrupting the outer membrane. (B) Condensation of the APTES precursor to create the amine functionalized silica aggregates and the reaction of the amine groups with hypochlorite to sequester chlorines, delaying enzyme oxidation and enabling sufficient CYA degradation.](mbo0051525380009){#fig9}

APTES-coated cells did not adequately protect the hydrolase against hypochlorite, whereas when cells were encapsulated with APTES (APTES gel), as shown in [Fig. 2A](#fig2){ref-type="fig"}, the activity was significantly protected. To clarify this point, we examined the relative rates of reactions and diffusion relevant to the system. The values in the literature for the second-order rate constants of alkyl amines with hypochlorite at neutral pH and ambient temperature are in the range of 10^4^ to 10^5^ M^−1^ s^−1^ ([@B43]). This is very fast for a noncatalyzed chemical reaction, but an accepted value for the diffusional collision rate constant of small molecules with enzymes in water is 10^9^ M^−1^ s^−1^ ([@B44]). Thus, free diffusion of hypochlorite into cells coated with APTES is orders of magnitude faster than the rates of its reaction with the alkyl amine groups of APTES, and therefore, with the coated cells where diffusion is unimpeded, inactivation prevails. In the case of the gels, it has previously been shown that TEOS gels significantly reduce diffusivity of small molecules ([Fig. 1](#fig1){ref-type="fig"}). We hypothesize that the results with hypochlorite in [Fig. 8](#fig8){ref-type="fig"} are due to a proper balancing of diffusivity through the silica matrix with the rate of the reaction between hypochlorite and the amine groups of APTES, thus affording an acceptable protection and rate of CYA degradation.

The present work with APTES gels builds on and improves our previous work ([@B25]) by (i) enhancing biocatalytic rates significantly by permeabilizing cells and (ii) protecting the intracellular CAH enzyme from damaging oxidation by hypochlorite. There is currently no practical solution for *in situ* removal of cyanuric acid from pool waters, and a biotechnological solution, if effective, could be broadly used. Nonliving genetically engineered microorganisms similar to the ones described here had previously been approved by the U.S. Environmental Protection Agency to apply to soil in an open bioremediation treatment ([@B45]). The process described here also contains nonliving organisms and is a closed system. Therefore, it is highly likely to be an acceptable bioremediation material. The major impediment to an effective solution requires cyanuric acid degradation to occur in the presence of chlorine. The present study demonstrates that it is possible to combine rate enhancement and chlorine protection with a modified gel prepared with APTES. Further work will require engineering studies to optimize the mechanical and diffusional properties of functional APTES gels.

MATERIALS AND METHODS {#h2}
=====================

Materials. {#s2.1}
----------

Tetraethylorthosilicate (TEOS) and 3-aminopropyltriethoxysilane (APTES) were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Silica nanoparticles (NexSil 125-40 with 80-nm diameter) were purchased from Nyacol Nano Technologies Inc. (Ashland, MA, USA). All other reagents and buffers were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were of the highest purity that was commercially available.

Bacterial growth. {#s2.2}
-----------------

*E. coli* BL21 expressing cyanuric acid hydrolase from *Moorella thermoacetica* ATCC 39073 ([@B8]) was grown at 37°C in LB medium containing 50 µg ml^−1^ kanamycin with vigorous aeration and 0.5 mM isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG) added as an inducer at mid-log phase and left overnight at 28°C (shaken overnight). The cells were harvested by centrifugation at 6,370 × *g* for 10 min and suspended at 0.1 g/ml in phosphate-buffered saline (PBS). Unless stated otherwise, the PBS composition was 10 mM PO~4~^3−^, 137 mM NaCl, and 2.7 mM KCl, and the pH was adjusted to 7.4. All cells were weighed as a nondried pellet, and this is denoted throughout as cell weight (wet weight).

Cyanuric acid hydrolase purification. {#s2.3}
-------------------------------------

Cyanuric acid hydrolase enzyme was purified using a modified version of a previously described procedure ([@B25]). Cells from 7 g of lyophilized cell paste were resuspended and lysed in 20 ml of 50 mM Tris (pH 7.2) and 200 mM NaCl by three passes through a French press at 10,000 lb/in^2^. The sample was clarified by centrifugation at 48,000 × *g* for 40 min and passed through a 0.45-µm filter prior to loading onto a 5-ml His-Trap HP nickel column (GE Healthcare, Chalfont, United Kingdom) preequilibrated with 50 mM Tris (pH 7.2) and 200 mM NaCl and eluting with a 5% to 100% 0.5 M imidazole gradient. Fractions containing cyanuric acid hydrolase activity were buffer exchanged with a 200 mM NaCl−50 mM Tris-HCl buffer (pH 7.2) to remove imidazole with Amicon 10,000 (10K) or 30K centrifugal filter units.

Cyanuric acid hydrolase activity measurements. {#s2.4}
----------------------------------------------

Purified enzyme, free cells, and encapsulated cells were assayed for cyanuric acid hydrolase activity by measuring disappearance of cyanuric acid, formation of the product biuret, or both methods in some cases. In the first method, cyanuric acid remaining in reaction mixtures was determined by its complexation with excess melamine (2.5 mg/ml) by adding a 1:1 mixture (volume) of the melamine to the analyte solution. The CYA and melamine complex were quantitatively determined by monitoring turbidity as the apparent absorbance of the mixture at 600 nm. The assay was calibrated against a product formation assay using a high-performance liquid chromatographic (HPLC) (UV) detection method to monitor biuret and was found to give consistent data. Hewlett-Packard HP 1090 liquid chromatograph (Agilent Technologies, Santa Clara, CA, USA) separations were performed by an analytical amino normal-phase column (Alltech Altima column; Grace Davison, Columbia, MD) eluted isocratically with 22:78 phosphate buffer (0.1 M, pH 7.4)/acetonitrile and a flow rate of 0.25 ml/min for 40 min. Cyanuric acid and biuret eluted from the column at 26.8 and 20.0 min, respectively, and were quantitatively determined in comparison to authentic standards with the detector set at 212 nm.

Cyanuric acid hydrolase assays with enzyme treated with hypochlorite were conducted as preincubations with hypochlorite using standard methods of determining time-dependent loss of activity, so that true sensitivity to hypochlorite could be assessed ([@B29]). Purified enzyme (30 µM) was incubated with 1 mM (74.4 ppm) and 10 mM (744 ppm) hypochlorite and sampled at different time points (2 to 45 min for 1 mM and 1 to 4 min for 10 mM). Percent activity was compared to CAH activity in the absence of hypochlorite. At each point, 3 µl of the hypochlorite/protein mix was transferred into 140 ppm of CYA (300 µl) to dilute the hypochlorite 1:100, and the reaction proceeded with CYA for 10 min. The reaction was quenched, and the CYA concentration was determined by adding an equal volume of melamine solution (2.5 mg/ml) as described above. In other experiments, hypochlorite inactivation was tested at a very low enzyme concentration (0.2 µg/ml) and 3 ppm hypochlorite to closely mimic levels that would be present in a pool treatment.

Some variations of the standard assay method used with cells in silica gels are described below. A 10-ml solution of CYA (140 ppm) was added to TEOS or APTES gel plugs, free cells, or APTES-coated cells (these will be described below). The final concentration of cells in the gel and suspensions was 0.002 g/ml and was equivalent for all assays. CAH activity was followed at time intervals as described for individual experiments. For APTES and TEOS gels, the clear liquid above gels was withdrawn and filtered through a 0.2-µm Teflon filter, and the analyte was mixed with melamine and assayed as described above. For the cell suspension and APTES-coated cells, the solutions were centrifuged for 1 min at 10,000 rpm and filtered through a 0.2-µm Teflon filter, and the analyte was mixed with melamine and assayed.

Silica gel preparation. {#s2.5}
-----------------------

Silica gels were prepared by mixing hydrolyzed alkoxides (APTES or TEOS) as cross-linkers with a solution of silica nanoparticles (SNPs) at a volume ratio of 1:7 cross-linker to nanoparticles. Hydrolysis and condensation reactions of the TEOS alkoxide were controlled by adjusting the water/alkoxide ratio and the solution to pH 3.5 for a final concentration of 320 g/liter of hydrolyzed TEOS ([@B22]). APTES hydrolysis was carried out by mixing 1.5 ml of APTES solution with 8.5 ml of deionized water on ice for 2 h for a final concentration of 142 g/liter hydrolyzed APTES. Next, the SNP solution, at a concentration of 400 g/liter, was adjusted to pH 7 by adding 1 M hydrochloric acid. Unless stated otherwise, the silica gels were then prepared by mixing 1.75 ml of the silica nanoparticles with 0.25 ml of *E. coli* cells suspended at 0.1 g/ml in PBS at pH 7.4 (or just PBS when no cells were required). To that mixture 0.25 ml of either TEOS or APTES hydrolyzed cross-linker solution was added. The solutions were left to gel for 1.5 h, resulting in silica gel plugs formed at the bottom of 20-ml scintillation glass vials. The resultant gel plug (called the APTES gel) had a volume of 2.25 ml, a diameter of 25 mm, and a thickness of 14 mm. The water content of the gels was approximately 60% (wt/wt). The silica gels were washed with the PBS buffer prior to the activity assays to remove any free cells and cellular materials that were not completely immobilized.

APTES cell coating. {#s2.6}
-------------------

The coated cells were prepared using the cross-linker only, without additional SNPs. The cells were prepared using the same cell to cross-linker ratios and volumes as for the silica gels described above. In 20-ml scintillation glass vials, 0.25-ml solution of *E. coli* cells (0.1 g/ml in PBS \[pH 7.4\]) was mixed with 1.75 ml of PBS and 0.25 ml hydrolyzed APTES and left to react at room temperature while being gently shaken for 10 min. The result was a suspension of yellow flake-like microparticles, not like the three-dimensional (3D) continuous gel described above. The suspension was then centrifuged at 6,370 × *g* for 10 min to separate any cellular material that may have leaked out of the APTES-coated aggregates. The remaining pellet was resuspended in 2.25 ml PBS to readjust the volume and concentration and was used without further manipulation in the CYA degradation assays. The same procedure for coating cells (the APTES-coated cells) was used for preparation of scanning electron microscopy (SEM) samples, permeability assays, and hypochlorite protection in the simulated pool experiment. All samples were used the same day they were prepared.

Hypochlorite effects on CAH in TEOS gels, APTES gels, and free cells. {#s2.7}
---------------------------------------------------------------------

Hypochlorite-mediated CAH enzyme inactivation was considered to be a function of both hypochlorite and cell concentration, since many cellular molecules are oxidized by hypochlorite and each oxidation removes hypochlorite from the system. In this context, hypochlorite effects on CAH activity are expressed as both the hypochlorite concentration and the mass ratio between hypochlorite and cells when comparing hypochlorite resistance of *E. coli* (CAH) free cells and encapsulated cells in TEOS and APTES gels.

The effect of hypochlorite on *E. coli* (CAH) cells suspended and encapsulated in silica gels is described in detail below. Ten milliliters of hypochlorite solutions ranging from 0 to 1,000 ppm was incubated for 1 h with the following: (i) 0.002 g/ml *E. coli* (CAH) free cells, (ii) 0.002 g/ml *E. coli* (CAH) encapsulated cells in TEOS gels, and (iii) 0.002 g/ml *E. coli* (CAH) encapsulated in APTES gels. The mass ratio of hypochlorite to cells (wet weight) ranged from 0 to 0.5. The suspensions of free cells were centrifuged at 6,370 × *g* for 10 min, resuspended in a 10-ml solution of CYA (140 ppm), and left for 2.0 h (with shaking). The solutions on the TEOS and APTES gel plug samples were discarded, and a 10-ml solution of 140 ppm CYA in PBS was added to the gel plugs and left for 2.0 h (with shaking). Degradation activity was followed by the melamine assay as described above.

SEM imaging. {#s2.8}
------------

APTES gel samples with *E. coli* cells and *E. coli* cells coated with APTES were prepared as described above with approximately 1 min of gelling time. Then, 30 µl of gel solution was transferred with a pipette onto a small aluminum slide. The slides were dipped in 2.5% (vol/vol) glutaraldehyde for 3 h and dehydrated by a series of ethanol washes (50, 70, 80, 95, and 100% \[vol/vol\] ethanol). The ethanol was evaporated overnight in a hood. The dried samples on the slides were placed into a carrier and sputter coated with a thin layer of gold-palladium. Scanning electron microscopy (SEM) images were taken by a Hitachi S4700 machine (Schaumburg, IL, USA).

FTIR. {#s2.9}
-----

Samples for Fourier transform infrared spectroscopy (FTIR) were prepared by reacting APTES gels (without cells) for 2 h with 10-ml solutions of hypochlorite at concentrations equivalent to 0, 50, and 300% molar ratio of hypochlorite to amine functional groups in the gels (14 mM concentration of amine groups). The solutions were then discarded, and the gels were washed three times with deionized water for 10 min each time. The samples were then washed with a 1 M NaOH solution at pH 11 to catalyze an elimination reaction and convert any dichloramino groups to nitrile functional groups. Next, the samples were left to dry in a 130°C oven overnight. They were then crushed with a mortar and pestle, placed on a CaF~2~ window, and placed on a temperature-controlled cryostage (FDCS 196; Linkam Scientific Instruments Ltd., United Kingdom). FTIR spectra were collected in the 900 to 4,000 cm^−1^ range with a Nicolet Continuum FTIR microscope, equipped with a deuterated triglycine sulfate (DTGS) detector (Thermo-Nicolet Corp., Madison, WI).

Other analytical methods. {#s2.10}
-------------------------

Fluorescence measurements were made with propidium iodide. A 25-µl suspension of 0.1 g of *E. coli* (CAH) cells per ml was mixed with 175 µl of PBS and 25 µl of hydrolyzed APTES and TEOS solutions for 10 min. The cells were then centrifuged, and the supernatant was discarded. The cells were resuspended in 200 µl of PBS and doped with 2 µl of a 20 mM solution in dimethyl sulfoxide (DMSO) of the fluorescent probe propidium iodide (PI) for a final concentration of 0.2 mM. A Molecular Devices SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA) was used to quantitate the fluorescence intensity. Samples were excited at 535 nm with a cutoff filter at 590 nm, and emission was read from 617 nm. Experiments were performed in triplicate.

For UV spectroscopic measurements, a Beckman 65 spectrophotometer (Beckman Coulter, Inc., Brea, CA) was used. A 3-ml solution of PBS was added to TEOS and APTES gels with encapsulated *E. coli* (CAH) after gelation. The solutions were agitated for an hour on an orbital shaker at 150 rpm, the gels remained intact, and the solution was clear. The PBS solution from the gels was then monitored at 280 nm to observe whether there was a change in absorbance (compared to the PBS stock solution) as a result of molecules leaking out from the cells. Experiments were performed in triplicate. The solutions were further analyzed for protein with a 12.5% (wt/vol) SDS-PAGE gel stained with SimplyBlue SafeStain according to the manufacturer's instructions (Life Technologies). Based on the product specifications, the limit of detection of a specific protein is 10 ng.

The reaction of APTES with hypochlorite was followed by pH and zeta potential measurements. For pH measurements, APTES gels (without cells) were reacted for 2 h with hypochlorite solutions in deionized water at concentrations up to 3 times the molar ratio of hypochlorite to amine functional groups in the gels (14 mM concentration of amine functional groups). The hypochlorite solutions were then discarded, and the gels were washed three times with deionized water for 10 min each time, and the samples were left to dry in a 130°C oven overnight. The samples were then crushed with a mortar and pestle, suspended in 5 ml of deionized water, and measured. The pH measurements were conducted with a Fisher Scientific Accumet basic pH meter (Pittsburgh, PA, USA) calibrated against two standard buffer solutions of pH 4.0 and 10.0. Zeta potential measurements were conducted as follows. The dried and crushed samples were suspended in 5 ml of deionized water and left to settle for 5 min, and a 1-ml sample of suspension from the top of the glass vial was measured. The samples were measured by a Zetasizer Nanosystem (Malvern Instruments, Southborough, MA), and the zeta potential was deduced from the mobility of the particles by using the Smoluchowski equation ([@B46]).

Simulated pool experiments testing the effects of hypochlorite on CYA degradation. {#s2.11}
----------------------------------------------------------------------------------

In 4-liter Erlenmeyer flasks, pool water conditions were created with buffered water (5 mM PO~4~^3−^, 68 mM NaCl, and 1.35 mM KCl) adjusted to pH 7.6 and containing 100 ppm CYA. Hypochlorite concentrations added were typical of, or somewhat higher than, those found in pools: 0.0, 1.0, 3.0, and 10.0 ppm ClO^−^. Degradation of CYA was followed in three treatments that all contained 40 mg of cells to allow direct comparisons. In treatment 1, treatment for free cells, 0.4 ml of a 0.1-g/ml *E. coli* (CAH) cell suspension in PBS was added directly to the flasks. In treatment 2, treatment for APTES-coated cells, 0.4 ml of free cells (0.1 g/ml) was mixed with 3.6 ml of PBS and 0.4 ml of hydrolyzed APTES for 10 min and added to the flasks. In treatment 3, treatment for APTES gel of *E. coli* (CAH) cells, 0.4 ml of free cells was mixed with 3.6 ml SNP (400 g/liter) and 0.4 ml of hydrolyzed APTES. In the next step of treatment 3, the solutions were left to gel as a thin film on a 60-mm-diameter plastic petri dish for 1.5 h. In the last step of treatment 3, the soft gel was then scraped and added to the flasks creating a cloudy suspension of microparticles. The flasks were gently stirred (\~60 rpm) with a magnetic stirrer to keep cells suspended and mimic a pool skimmer filter, which would promote continuous mixing. The decrease in CYA concentration was monitored over time by extracting 1-ml aliquots, filtering through a 0.2-µm Teflon filter, and assaying for CYA with the melamine assay as described previously.

SUPPLEMENTAL MATERIAL {#sm1}
=====================

###### 

Separation of proteins washed off TEOS and APTES gels. (A) SDS gel separation of 3 ml of PBS solution tested after 1 h of shaking with silica gels. (B) SDS gel separation of 3 ml of fresh PBS solution added the following day and left with the gels for another hour with shaking. Four types of gels were tested: TEOS gel with 0.25 g of cells, TEOS gel with 0.025 g of cells, APTES gel with 0.25 g of cells, and APTES gel with 0.025 g of cells. The gels were compared to filtrate of 0.25 g of intact cells and 0.25 g of lysed cells. Protein solutions were separated by a 12.5% (wt/vol) SDS-polyacrylamide gel and stained with SimplyBlue SafeStain according to the manufacturer's instructions (Life Technologies). Download

###### 

Figure S1, TIF file, 1.9 MB

###### 

CAH activity (as a percentage) over the course of 28 days of *E. coli* (CAH) cells encapsulated in an APTES gel. The APTES gels were reassayed on different days each time with a fresh CYA solution (140 ppm) and measured after a 2.5-h incubation period. Between the treatment days, the gels were stored with a 3-ml PBS solution at room temperature. Data are averages of triplicate determinations. Download
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Figure S2, TIF file, 0.1 MB

###### 

Reaction of the amino group on the APTES gels with hypochlorite demonstrated by zeta potential measurements. The APTES gels were treated with hypochlorite (ClO^−^) at a range of ClO^−^/amine stoichiometric ratios (0 to 3 equivalents). The samples were measured by a Zetasizer Nanosystem, and the zeta potential was deduced from the mobility of the particles by using the Smoluchowski equation. Download

###### 

Figure S3, TIF file, 0.1 MB
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